Tastes elicit innate behaviors critical for directing animals to ingest nutritious substances and reject toxic compounds, but the neural basis of these behaviors is not understood. Here, we use a neural silencing screen to identify neurons required for a simple Drosophila taste behavior and characterize a neural population that controls a specific subprogram of this behavior. By silencing and activating subsets of the defined cell population, we identify the neurons involved in the taste behavior as a pair of motor neurons located in the subesophageal ganglion (SOG). The motor neurons are activated by sugar stimulation of gustatory neurons and inhibited by bitter compounds; however, experiments utilizing split-GFP detect no direct connections between the motor neurons and primary sensory neurons, indicating that further study will be necessary to elucidate the circuitry bridging these populations. Combined, these results provide a general strategy and a valuable starting point for future taste circuit analysis.
INTRODUCTION
Animals rely heavily on sensory cues to guide their behavior. In general, information about an organism's environment is transformed into neural activity by peripheral sensory neurons that respond to stimuli such as touch, light, or chemicals. This information is relayed to neural circuits that process the information into a form that is read by motor programs directly driving behavior. It has been suggested that circuits may be assembled from simple ''motifs'' of a few synaptically connected neurons that are used repeatedly in information processing networks (Milo et al., 2002) . Thus, studying simple circuits in model organisms may yield insight into neural processing in more complex nervous systems.
Studies of small neural networks in invertebrates, including the Aplysia gill withdrawal reflex, the lobster stomatogastric nervous system, the leech heartbeat, and the C. elegans olfactory system, are providing fundamental insight into how neural connectivity and function dictate behavior and allow for behavioral plasticity. Much less is understood about neural processing as the scale of the neural circuit increases in complexity from tens of neurons to hundreds or thousands. The fly brain consists of about 100,000 neurons, a level of complexity midrange between the nervous systems of C. elegans and mammals. The ability to couple molecular and genetic analyses with studies of cell activity and behavior in Drosophila provides a powerful approach to examine how a complex nervous system orchestrates behavior.
Much work remains to be done in mapping connectivity in the fly brain. The olfactory system of Drosophila is under heavy investigation, yet behavioral circuits are largely unmapped beyond the second-order projection neurons (Datta et al., 2008; Jefferis et al., 2007; Marin et al., 2002; Wong et al., 2002) . Understanding of the gustatory system is even more rudimentary; in this case, only primary gustatory neurons have been identified (Thorne et al., 2004; Wang et al., 2004) . Further mapping of taste circuits is an important goal that will lead to insight into how information that is critical to the animal's survival-whether a substance is nutritious or toxic-is wired in the brain to produce reliable and appropriate behavioral responses.
Fruit flies detect taste compounds using specialized chemosensory bristles located on the proboscis, internal mouthparts, legs, wings, and ovipositor (Singh, 1997; Stocker, 1994) . Each chemosensory bristle is innervated by two to four gustatory neurons and a mechanosensory cell (Falk et al., 1976) . Dendrites of gustatory receptor neurons (GRNs) extend to the bristle tip, allowing direct contact between receptor molecules on dendrites and chemicals in the environment. Taste information is relayed to the central nervous system by GRN axons, which project either directly to the subesophageal ganglion (SOG) of the fly brain or peripheral ganglia (Rajashekhar and Singh, 1994a; Stocker and Schorderet, 1981; Thorne et al., 2004; Wang et al., 2004) .
Two striking characteristics make the fly gustatory system an ideal system for understanding how neural circuits transform sensory information into behavior. First, sensory neurons detect different taste qualities and mediate different behaviors, creating the basis for studying a simple case of sensory integration. GRNs appear to be separable into at least three distinct classes based on molecular and functional characterizations. Neurons expressing the Gr5a gene, one of 68 members in the putative gustatory receptor gene family, respond to sugars and elicit acceptance behavior (Dahanukar et al., 2007; Jiao et al., 2007; Marella et al., 2006; Slone et al., 2007; Wang et al., 2004) . The enhancer trap E409-Gal4 marks a second neural population that responds to carbon dioxide and mediates acceptance (Fischler et al., 2007) . By contrast, neurons expressing Gr66a respond to a wide array of bitter compounds and mediate avoidance behavior (Marella et al., 2006; Wang et al., 2004) . Gr5a, E409, and Gr66a neurons send axons to distinct areas of the SOG, creating a map of taste quality at the first relay in the brain (Marella et al., 2006; Thorne et al., 2004; Wang et al., 2004) . However, how this spatial map of taste quality is translated into behavior remains mysterious.
The second advantage of the gustatory system is that flies exhibit robust and quantitative taste behaviors that are readily amenable to analysis. The proboscis extension reflex (PER) is an attractive behavior to study the logic of taste processing in the fly brain because it involves a discrete and quantitative motor response that can be measured in individual animals (Dethier, 1976) . PER is elicited by the detection of palatable substances by sensory neurons on the legs or labella. This leads to the coordinated contraction of muscles that drive extension of the proboscis, followed by opening of the labella (Dethier, 1976; Rajashekhar and Singh, 1994b) . By contrast, detection of unpalatable substances sends inhibitory information to the SOG and can stimulate the contraction of muscles that drive proboscis retraction (Dethier, 1976) . The relative strength of palatable versus unpalatable tastes in a mixture will determine the probability that PER is initiated, illustrating that the fly brain integrates multiple sensory cues in making the choice of whether to extend (Dethier, 1976; Meunier et al., 2003; Wang et al., 2004) . Furthermore, the observation that motor neurons driving PER also make connections in the SOG has been used to suggest that taste circuits may exist locally in this structure (Rajashekhar and Singh, 1994b; Singh, 1997) .
We conducted a behavioral screen to identify components of the PER circuit. We focus on a pair of motor neurons that is activated by sugar taste detection and inhibited by bitter compounds and is necessary and sufficient for a specific subprogram of PER. These neurons synapse on proboscis musculature and show broad dendritic fields in the SOG, but do not appear to make direct connections with GRNs. This study defines a group of molecularly identified taste-selective neurons in the fly brain and opens the door to pursuing more detailed circuit analysis in this system.
RESULTS

A Screen to Identify Taste Circuit Neurons
To identify neurons involved in taste processing, we performed a genetic screen in which we silenced random neurons in the fly brain and examined the effect on taste behavior. To silence neural activity, an inward-rectifying potassium channel that prevents depolarization (Kir2.1; Baines et al., 2001) or the tetanus toxin light chain that prevents neurotransmitter release (TNT; Sweeney et al., 1995) was expressed in small numbers of neurons in the adult fly brain using specific Gal4 enhancer trap lines. Toxin expression was inhibited during development by ubiquitous expression of temperature-sensitive Gal80 and then induced by transfer to 30 C 2 days prior to behavioral test (McGuire et al., 2004) .
The proboscis extension reflex (PER) was used to test the flies' ability to respond to sweet and bitter compounds. This behavior is rapid, specific, and does not require general coordination. In addition, visually monitoring the behavior of single flies enables the identification of subtle behavioral defects. Flies were stimulated with 100 mM sucrose, 50 mM sucrose, and a mixture of 100 mM sucrose and 75 mM caffeine. Twenty-four trials with control flies established that the response frequencies to these stimuli were 96% ± 5%, 64% ± 9%, and 15% ± 13%, respectively ( Figure 1A ).
Of 534 Gal4 enhancer trap lines selected based on their expression in the fly brain, 311 Gal4 enhancer trap lines were viable after toxin expression. For each Gal4 line, ten flies were tested with two trials for each taste compound. On average, these lines showed a response profile very similar to control flies ( Figure 1A ). To minimize false positives based on variation alone, we defined a behavioral mutant as one that had a response frequency greater than three standard deviations from the mean of control flies for one taste stimulus. Using this stringent cutoff, we identified 61 behavioral mutants in the primary screen, with 47 of the lines showing consistent behavioral defects in two retests. These lines were divided into classes based on the behavioral phenotype: those showing low response to 100 mM sucrose were classified as ''unresponsive,'' those with a decreased response to 50 mM sucrose were classified as ''sugar mutants,'' those with an increased response to the sucrose/caffeine mixture were classified as ''bitter mutants,'' and those that showed a qualitatively altered behavior were called ''motor mutants'' (Figure 1 ). In total, we identified eight unresponsive mutants, six sugar mutants, 27 bitter mutants, and six motor mutants (Table S1 ). The six motor mutants displayed very specific behavioral defects: three could not execute one or more of the specific movements required for proboscis extension, one could not retract the proboscis, one had difficulty ingesting liquid following proboscis extension, and one executed the behavior very slowly. To gain insight into the identity of neurons affecting PER behavior in each of the lines, we further classified each line based on its Gal4 expression pattern. Since silencing Gr66a-or Gr5a-expressing gustatory sensory neurons leads to bitter mutant and sugar mutant phenotypes, respectively ( Figure 1A ; Wang et al., 2004) , we expected some of the behavioral mutants' phenotypes to be caused by silencing of taste sensory neurons. Indeed, a subset of each behavioral class showed expression in taste sensory neurons ( Figure 1B) . Interestingly, all of the unresponsive mutants showed taste neuron expression, suggesting that the severe phenotypes of this class may be achievable only by eliminating taste sensory detection in the periphery. One of the six sugar mutants showed sensory neuron expression and displayed a phenotype similar to silencing of Gr5a-Gal4 neurons ( Figure 1A) . Eight of the 27 bitter mutant lines exhibited sensory expression, with behavioral phenotypes similar to silencing of Gr66a-Gal4 neurons ( Figure 1A) .
The remaining mutants were roughly evenly divided between those with expression in SOG neurons and those without ( Figure 1B) . Those with SOG expression are good candidates for including bona fide taste circuit neurons, since this area of the brain receives taste input and is presumed to include neurons involved in taste processing. The lines showing expression restricted to outside the SOG likely include neurons whose activity is required to modulate taste circuit activity or higherorder taste circuit neurons involved in levels of taste processing outside the SOG.
Although Gal4 expression patterns provide general information about candidate neurons that may participate in taste processing, the Gal4 lines label tens to thousands of neurons in the brain, only some of which are likely to participate in taste behaviors. The challenge ahead is to identify the specific neurons within each Gal4 line that contribute to behavior. We initially focused on one line, E49-Gal4, which displays a robust and specific motor defect, with the aim of isolating neurons causal for taste behaviors.
E49
Neurons Are Required for a PER Subprogram PER involves several distinct and coordinated motions, including lifting of the rostrum from the head, extension of the haustellum, tilting of the head toward the food source, and spreading of the labellar lobes, followed by retraction of the proboscis back to resting state once the stimulus is removed (Chabaud et al., 2006; Dethier, 1976; Singh, 1997;  Figure 2C and Movie S1). The coordinated contraction of 12 pairs of muscles is required to fully execute this behavior (Rajashekhar and Singh, 1994b) .
E49-Gal4, UAS-TNT flies display a specific defect in the proboscis extension reflex. They respond to stimulation with two concentrations of sucrose at a frequency comparable to wild-type, suggesting that they detect the sucrose stimulus normally ( Figure 2B ). However, the nature of the response is different between wild-type and E49-Gal4, UAS-TNT flies; E49-Gal4, UAS-TNT flies fail to execute the full motor program. Specifically, they do not lift the rostrum from the head, although other movements remain intact, including tilting the head toward the sugar stimulus and spreading the labella ( Figure 2C and Movie S2). These results indicate that E49-Gal4 drives expression in neurons required for a subprogram of PER behavior and that silencing of these neurons allows continued execution of other independent subprograms.
E49 Neurons Are Sufficient for PER Subprogram
The neural silencing experiments argue that neurons marked by E49-Gal4 are necessary for proboscis extension. To determine whether activation of E49 neurons is sufficient to generate behavior, we used molecular genetic approaches to inducibly activate E49 neurons and examine the behavioral consequence.
Channelrhodopsin2 (ChR2) is a light-activated cation channel derived from the green alga Chlamydomonas renhardtii (Nagel et al., 2003) . Expression of ChR2 causes neurons to rapidly depolarize in response to blue light ($480 nm). ChR2 has been used effectively in C. elegans, Drosophila, and mammals to precisely activate neural subsets and generate behaviors (Arenkiel et al., 2007; Nagel et al., 2005; Schroll et al., 2006; Zhang et al., 2007a Zhang et al., , 2007b . In control studies, flies expressing ChR2 in the sugar-sensing gustatory neurons display complete proboscis extension behavior to blue light, including head tilting, extension of the proboscis, and opening of the labella (Figure 2 and Movie S3), consistent with a recent study (Zhang et al., 2007b) . By contrast, E49-Gal4, UAS-ChR2 flies respond to blue light by simply lifting the rostrum out of the head, causing the tip of the proboscis to point upward ( Figure 2 and Movie S4). This behavioral subprogram is executed in the absence of the others that normally accompany it during PER: extension of the haustellum, opening of the labella, and tilting of the head forward.
To confirm these results, we activated E49 neurons using a different exogenous, ligand-gated ion channel. VR1 is a mammalian cation channel from the TRP family that is gated by capsaicin, an ingredient in chili peppers, or temperatures above 45
C (Caterina et al., 1997; Marella et al., 2006) . Thus, neurons ectopically expressing VR1 will depolarize when their temperature is transiently raised above 45 C. When a heated probe is brought in to close proximity of flies expressing VR1 in sugar-sensing gustatory neurons, these flies generate a complete proboscis extension behavior. Flies in which VR1 is expressed in E49 neurons, however, simply lift the rostrum of their proboscis in response to heat, in an isolated motion ( Figure S1 ).
Thus, the behavioral subprogram executed upon inducible activation of E49 neurons is precisely what was missing from PER when these neurons were silenced: lifting of the rostrum out of the head. This demonstrates that E49 neurons are both necessary and sufficient for this motor program. Furthermore, this program can be either executed or inhibited without affecting the other subprograms that are normally coordinated into one complete behavior.
Mosaic Analysis Reveals Critical E49 Cells as SOG Motor Neurons
The adult fly brain contains $100,000 neurons, with different brain regions mediating different functions. Currently, little is known about the neural circuits controlling proboscis extension, except that gustatory sensory neurons (Singh, 1997; Thorne et al., 2004; Wang et al., 2004) , motor neurons that synapse on proboscis muscles (Rajashekhar and Singh, 1994b) , and candidate modulatory neurons (Wen et al., 2005; Wu et al., 2003) arborize in the brain region called the subesophageal ganglion (SOG). To identify neurons that mediate rostrum extension during PER, we initially characterized the expression pattern of E49-Gal4 in the nervous system.
The brains and peripheral ganglia of flies expressing CD8::GFP under the control of E49-Gal4 were examined using immunofluorescence. These studies revealed that E49 drives expression in about 50 central brain neurons. Most appear to be interneurons, with some sending descending processes into the thoracic ganglia. There are also many interneurons with cell bodies in the thoracic ganglia, and a few extend ascending processes into the brain (Figure 3 ). Very weak expression in bitter sensing gustatory neurons (defined by expression of Gr66a), and some olfactory receptor neurons was also observed (data not shown). In addition, significant labeling was seen in the SOG, both in cell bodies (about 20) and neuronal projections throughout the structure.
To identify the neurons within the E49-Gal4 expression domain responsible for rostrum extension, we set out to restrict the activity of Gal4 by mosaic expression of the Gal4 repressor Gal80. We generated an excisable Gal80, in which a Gal80 gene driven by the tubulin promoter is flanked by FRT recombination sites (FLP-out Gal80; tub > Gal80 >), such that induction of the FLP recombinase causes stochastic excision of Gal80 via intrachromosomal recombination between the flanking FRT sites ( Figure 4A ). This has the advantage of inducing Gal80 À cells postmitotically, thereby directing expression in random combinations of cells without regard to lineage. We then generated flies carrying the following insertions: E49-Gal4; UAS-TNT to induce silencing; UAS-dsRed to mark Gal80 À cells; the FLP-out Gal80;
and a weak FLP source driven by heat shock promoter (hs-FLP).
Following 35 min at 37 C, FLP induced loss of Gal80 in a small fraction of E49-Gal4 neurons per fly, thereby allowing expression of TNT and dsRed in only those cells. Among the 1549 resulting flies assayed for behavior, 11 animals showed a complete block in rostrum extension indistinguishable from the phenotype seen when all E49 neurons silenced. Additionally, 57 flies were identified that exhibited a partial phenotype with an obvious sidedness in their inability to lift the rostrum, manifested in extension of the proboscis downward and to one side. Both the full and partial phenotypes were considered impaired extension.
The brains from the impaired extension group and normal group were examined for dsRed expression to identify silenced cells. Eleven different definable cell types were observed in genetic mosaic animals, and the frequencies of observing these cells in animals with normal or impaired PER were plotted ( Figure 4C ). In the simplest model that there is one neuronal type responsible for the observed defect, one would expect the causal neuron to be very highly represented in the impaired class and occur very infrequently in the phenotypically normal animals. Indeed, only neuron #1, with a large cell body in the SOG, had a significantly biased distribution between the normal and impaired phenotypic classes, being silenced in 100% of impaired animals and 0% of normal animals ( Figure 4C ). The 11 animals with a complete block in rostrum extension expressed dsRed (and hence TNT) in two bilaterally symmetric #1 neurons, while the 57 flies that exhibited sidedness in their inability to lift the rostrum showed expression in neuron #1 on only one side of the brain (Figure 4) . Many of the brains examined had one to five brain or ganglia neurons labeled in addition to neuron #1; however, no other brain neurons were present in the impaired group at a frequency higher than 14% ( Figure 4C ). Furthermore, three flies were identified with an impaired PER phenotype that showed expression only in neuron #1 ( Figure 4H ). Repeating the experiment with higher levels of FLP to increase the frequency of labeled neurons produced a similar result, with only silencing of neuron #1 correlating with the behavior despite the increased incidence of other silenced neural populations. In this case, 10 of 250 flies assayed displayed impaired PER, with neuron #1 being silenced in 100% of impaired animals and only 4% or normal animals ( Figure 4C ). Together, these mosaic data unequivocally demonstrate that neuron #1 is necessary for the PER subprogram underlying rostrum extension and that inactivation of both neurons is required to completely block this behavior.
We also performed an analogous experiment to determine the neurons within the E49-Gal4 expression domain sufficient to drive rostrum extension. In this case ChR2 expression was restricted to subsets of cells using the same FLP-out Gal80 approach and flies were tested for extension of their proboscis to light. Following low levels of FLP expression, 12 of 314 animals displayed rostrum extension upon stimulation with blue light. Only expression of ChR2 in neuron #1 correlated with rostrum extension, and animals in which only neuron #1 expressed ChR2 displayed extension to light (Figures 4I-4K ). These data strongly implicate neuron #1 as the sole neuron responsible for the observed behavior and demonstrate that it is both necessary and sufficient to drive extension of the rostrum during PER.
We performed genetic mosaic analyses to determine the anatomy of neuron #1. Single-cell labeling of this neuron shows that it has broad dendritic arborizations in the anterior SOG (covering an area of $75 3 80 mm), suggesting that it makes extensive synaptic connections in this structure ( Figure 5A ). The axon from this neuron exits the brain through the pharyngeal nerve and synapses on a muscle associated with the proboscis called the protractor of rostrum (synonym: cibarial muscle 9; Miller, 1950; Figures 5B and 5C) . Consistent with our behavioral analyses, the protractor of rostrum muscle has been previously implicated in lifting the proboscis out of the head capsule (Rajashekhar and Singh, 1994b).
E49 Motor Neurons Are Responsive to Tastes
If E49 motor neurons mediate proboscis extension to taste compounds, one expectation is that they exhibit taste-induced activity. To measure motor neuron activity in response to tastants, we used the live preparation previously described for monitoring gustatory sensory activity in the fly brain (Marella et al., 2006) . The high signal-to-noise calcium indicator G-CaMP (Nakai et al., 2001 ) was expressed in E49 cells and taste compounds were applied to the proboscis using a pipette. Changes in fluorescence were recorded using confocal microscopy, with a region of interest comprising the motor neuron cell body.
E49 motor neurons show robust activation in response to sugars delivered to the fly proboscis. High concentrations of sucrose (100 mM) and maltose (200 mM) induced fluorescence changes of $50% ( Figure 6C ). Interestingly, stimulation with 1 M sucrose elicited almost twice the activity of 100 mM sucrose ( Figure 6D ). This indicates that information about stimulus intensity is maintained at the level of the motor neuron and suggests that perhaps a relatively simple feed-forward circuit underlies each PER subprogram. Additionally, adding bitter compounds to the sugar solution completely abrogated activation. The addition of either caffeine (50 mM) or denatonium (1 mM) to 100 mM sucrose produced a response that was not significantly different from water alone. These experiments demonstrate that sugar detection exerts excitatory control on the motor neuron and bitter detection results in inhibition. This indicates that sweet and bitter sensory information is integrated in the taste circuit either at or before the level of the E49 motor neuron. To examine the relationship between motor neuron activation and behavior, we used a camera to monitor rostrum movement while performing G-CaMP imaging of the E49 motor neurons. Upon stimulating flies with increasing concentrations of caffeine added to 100 mM sucrose, we observed a perfect correlation between rostrum movement and motor neuron activity ( Figure 6E ). As expected, the frequency of observing motor neuron activation decreased upon addition of increasing concentrations of caffeine, along with the frequency of rostrum extension. These data indicate that activity of the E49 motor neuron is a reliable correlate of taste behavior, and will serve as an invaluable tool in studying the flow of information in this potentially simple circuit.
E49 Motor Neurons Do Not Directly Connect to GRNs
The observation that dendrites of proboscis motor neurons arborize extensively in the SOG, the same structure to which the axons of gustatory sensory neurons project, has been used to suggest that perhaps a monosynaptic circuit underlies PER (Singh, 1997) . To address this possibility, we first examined the proximity of single labeled E49 motor neuron dendrites to GRN axons. Excision of the FLP-out Gal80 cassette was driven at low frequency in a genetic background containing E49-Gal4, a membrane-targeted red fluorescent protein (UAS-CD8::dsRed), and GFP driven by either the Gr5a or Gr66a promoter. We observed a very close proximity between E49 motor neuron dendrites and GRNs labeled by Gr5a-driven GFP, with the motor neuron dendrites filling the space around Gr5a axons ( Figure 8B ). By contrast, no close association was seen with Gr66a axons, which project through open space within the E49 motor neuron dendritic field and arborize posteriorly ( Figure 8C ). These data are consistent with the notion that the E49 motor neuron may be synaptically connected to sweet-sensing (Gr5a), but not bitter-sensing (Gr66a) gustatory neurons. To further examine this possibility, we adapted the split-GFP approach recently developed in C. elegans (Feinberg et al., 2008) .
GFP reconstitution across synaptic partners (GRASP; Feinberg et al., 2008) is a method of detecting synaptic connections based on the expression of two halves of a split-GFP on the outer membrane of distinct neuronal populations. While neither half of GFP fluoresces individually, GFP is reconstituted trans-synaptically and exhibits fluorescence when the two neuron populations connect (Feinberg et al., 2008) . To adapt GRASP to flies, we put one membrane-tethered split-GFP fragment under control of Gal4 (UAS-CD4::spGFP1-10) and the other under control of the LexA promoter (LexAop-CD4::spGFP11). Since neither fusion protein is specifically targeted to the synapse, we would expect to observe fluorescence upon cell-cell contact. This would include, but not be restricted to, synaptic connections. We tested fly GRASP using a known synaptic site in the olfactory system by driving expression in of CD4::spGFP11 and CD4::spGFP1-10 in olfactory receptor neurons (ORNs) and second-order projection neurons (PNs), respectively. As expected, we observed fluorescence in the $30 GH146-positive antennal lobe glomeruli of animals expressing both constructs, but no fluorescence upon expression of either split-GFP alone ( Figures 7A-7C) .
Unexpectedly, we could also detect reconstitution of GFP in fixed tissue using immunofluorescence. Three different GFP antibodies raised against full-length GFP were tested for their ability to detect each split-GFP half and the reconstituted form. In two cases (Invitrogen polyclonal antibody and Sigma monoclonal antibody), robust immunofluorescence was observed in the antennal lobes of flies expressing both CD4::spGFP11 and CD4::spGFP1-10 (in ORNs and PNs, respectively), but little or no signal upon expression of either half alone (Figure 7) . Although less sensitive than the polyclonal antibody, the monoclonal antibody showed no ability to detect either spGFP half alone, suggesting that it is perfectly specific for the reconstituted form ( Figures 7G-7I ). The third antibody tested (Abcam polyclonal antibody) detected unreconstituted CD4::spGFP1-10 robustly and CD4::spGFP11 weakly, thereby providing a means to detect expression of these individual constructs ( Figure 8G ). The observation that GRASP can be detected by immunofluorescence in fixed tissues is critical as it increases sensitivity over live imaging, reduces bleaching of fluorescence, and allows for costaining of samples with other antibodies to visualize complete neuronal processes or other structures.
To examine possible connections with sugar-sensitive gustatory neurons, CD4::spGFP11 was expressed under the control of Gr5a-LexA::VP16. We first tested the ability to detect contact with these neurons by expressing CD4::spGFP1-10 under control of GAD1-Gal4. GAD1-Gal4 marks GABA-ergic neurons, which are known to make connections to sensory neurons in the olfactory system and are therefore good candidates for synaptic targets of taste neurons (Root et al., 2008; Stocker, 1994; Wilson et al., 2004) . We detected extensive contact between Gr5a and GAD1 neurons, demonstrating that GRASP functions in this system ( Figure 8D ). Furthermore, restricting CD4::spGFP1-10 to small numbers of neurons using the FLP-out Gal80 technique revealed that GRASP signals can be detected between Gr5a cells and a single contacting cell ( Figures 8E and 8F) . It is not clear whether these signals represent synaptic or spurious contacts; however, they argue that the technique has the sensitivity to resolve single-cell contacts with Gr5a cells.
We then tested the possibility of contact between E49 and Gr5a neurons by expressing CD4::spGFP1-10 under control of E49-Gal4 and CD4::spGFP11 under control of Gr5a-LexA::VP16. No fluorescence was observed in unfixed brains under these conditions (data not shown). To increase sensitivity, we added expression of CD8::dsRed in E49 cells to visualize the motor neuron dendrites and examined GFP reconstitution by immunofluorescence. Once again we observed no evidence for synaptic connections between E49 motor neurons and Gr5a-expressing cells ( Figure 8H ). Infrequently, we detected reconstituted GFP at points of contact between E49 motor neurons and Gr5a cells (0-2 instances per motor neuron; Figure 8I ), indicating that detection of contact was possible. However, the infrequency of these contacts relative to the size of the dendritic field and the large number of Gr5a cells ($30 per side), combined with their lack of consistent position from brain to brain argues that they do not represent functional synapses, but rather incidental points of contact between the neurons. Similar data were obtained when FLP-out Gal80 was used to restrict expression of CD4::spGFP1-10 and CD8::dsRed to single E49 motor neurons, strongly suggesting that Gr5a sensory neurons do not contact E49 motor neurons (Figures 8J-8L ). We cannot completely rule out the possibility that synapses between E49 motor neurons and Gr5a gustatory neurons exist below the level of detection offered by GRASP. However, based on the observed sensitivity of GRASP in our tests and in other organisms (Feinberg et al., 2008) , we find this possibility unlikely. 
DISCUSSION
Understanding how the brain translates sensory information into behavior requires knowledge of neurons involved in this processing. To know how flies perceive tastes, we must move beyond identification of the sensory neurons involved and identify higher-order taste circuit components. Here, we present the results of a behavioral screen that identified 47 Gal4 lines driving expression in neurons required for normal proboscis extension behavior. By analyzing one of these lines, we describe a group of molecularly identified taste circuit neurons in the fly brain. The bilateral pair of E49 motor neurons is activated in response to sugars, inhibited by inclusion of bitter compounds, and is both necessary and sufficient to generate a subprogram of the proboscis extension reflex.
It has long been known that in the fly, both primary taste neuron projections and motor neurons innervating proboscis musculature reside in the SOG Singh, 1994a, 1994b; Singh, 1997; Stocker and Schorderet, 1981) . This led to the prediction that local circuits controlling taste behaviors may be restricted to this structure (Scott, 2005; Singh, 1997) . However, questions about the structure and activity of these putative circuits awaited the identification of molecular handles to both identify and manipulate circuit components. In the last few years, much progress has been made in characterizing the first-order taste neurons: Gr5a, Gr66a, NP1017-Gal4, and E409-Gal4 were identified as markers for sensory neurons that detect sugars, bitter compounds, water, and carbon dioxide, respectively (Fischler et -10 (C,F,I ). Or83b-LexA::VP16 drives expression in 80% of olfactory sensory neurons, and GH146-Gal4 drives expression in second-order projection neurons that project dendrites to about 30 glomeruli (Jefferis et al., 2007; Lai et al., 2008; Marin et al., 2002) . (A-C) Unfixed brains were imaged for GFP fluorescence. Long dashes outline brain, and short dashes outline antennal lobes. (D-F) The antennal lobes of fixed brains were imaged for immunofluorescence against GFP to detect GRASP (green; Invitrogen rabbit polyclonal antibody) and the neuropil (magenta; nc82). Arrows indicate weak detection of CD4::spGFP1-10 in PN cell bodies; this polyclonal antibody weakly recognized CD4::spGFP1-10 expressed alone. (G and H) The antennal lobes of fixed brains were imaged for immunofluorescence against GFP to detect GRASP (green; mouse monoclonal antibody). No signal was observed in the absence of GFP reconstitution. Dashes outline antennal lobe. Scale bars, 50 mm. Marella et al., 2006; Thorne et al., 2004; Wang et al., 2004) . These studies have demonstrated a map of taste quality in the SOG and provided the tools to monitor and manipulate the activity of these neurons. For instance, activation of Gr5a cells is sufficient to generate attractive taste behaviors, including PER (Zhang et al., 2007b; this study) .
Identifying the E49 motor neurons allows us to begin to answer an important question: how does taste neuron activity impinge on motor output? We addressed this question here by asking how the activity of E49 neurons is affected by taste detection. The simplest possibility would be that PER is a reflexive behavior in which activation of sugar cells elicits contraction of extensor muscles in the same way touch stimulates gill withdrawal muscles in Aplysia (Kupfermann et al., 1970) . Similarly, bitters could stimulate contraction of retractor muscles to counteract the extension behavior, as suggested previously (Thompson, 1977) . However, the observation that E49 neurons are activated by sugars and this activation is inhibited by the inclusion of bitter compounds demonstrates that E49 neurons do not simply receive attractive taste information. Instead, integration of sweet and bitter information must occur upstream of or at the level of the E49 neurons themselves. We also observed that activation of E49 neurons was not an ''all or nothing'' decision. Increasing the concentration of the sugar stimulus increased the magnitude of the motor neuron response, demonstrating that information about stimulus intensity is maintained throughout this taste circuit. More complex questions about the relationship between sensory input and motor output can now be pursued. For instance: how do the activities of other taste neuron classes affect E49 neuron activity? How do learned associations affect the relationships between sensory detection and motor activity? Do changes in internal states such as hunger affect these relationships? The ability to simultaneously monitor sensory and motor activity in the SOG while examining proboscis extension behavior in a single fly provides the opportunity to directly dissect the relationship between cell activity and behavior.
The identification of E49 motor neurons also provides a valuable starting point for identifying other gustatory circuit components. We have shown the utility of GRASP in flies by detecting cell-cell contact at synapses in the olfactory system, and demonstrated that GFP reconstitution can be monitored by both live imaging and immunofluorescence. This technique was then used to answer an important question: whether PER is driven by simple monosynaptic connections of sensory to motor neurons. The observation that E49 neurons do not directly synapse onto Gr5a gustatory neurons implies that there are higher order neurons in this taste circuit that are yet unidentified.
There is a wide array of possibilities for the general structure of this circuit. On one end of the spectrum, taste information could be transmitted from sensory to motor neurons with minimal processing via a simple network of interneurons restricted to the SOG. However, it is also possible that taste sensory information is relayed to decision-making circuits higher in the brain, where it is integrated with information from other senses and about the internal state of the fly before sending a motor command back to the SOG. With the remaining behavioral mutants from our PER screen as a starting point, it should be possible to use the same techniques demonstrated here to comprehensively map the inputs to E49 neurons and the outputs of taste sensory neurons. Such knowledge will give valuable insight into the neural architecture of the PER circuit and provide the tools for dissecting how taste information is processed in the fly. 
EXPERIMENTAL PROCEDURES Experimental Animals
Drosophila stocks were maintained on standard cornmeal/agar/molasses medium at 25 C. w 1118 strains were used for transgene injections. P elementmediated germline transformations were performed using standard techniques (Genetic Services Inc.). The following lines were used: E49-Gal4 (from Ulrike Heberlein's Gal4 collection); UAS-TNT (Sweeney et al., 1995) ; UAS-KIR2.1 (Baines et al., 2001) Proboscis Extension Reflex PER was performed as described previously (Wang et al., 2004) , with the exception that flies were not prescreened for a response to water. Movies and still images were acquired using a digital camera (Canon S300) and a Nikon stereomicroscope. For the PER screen, each Gal4 line was crossed to UAS-KIR2.1, tub-Gal80. Two-to three-day-old females were collected and incubated on food at 30 C for 32 hr and then with only water for 16 hr. For each genotype, ten water-satiated flies were stimulated twice with 100 mM sucrose, 50 mM sucrose, and a mixture of 100 mM sucrose and 75 mM caffeine.
Inducible Activation
Flies expressing ChR2 were raised on standard medium supplemented with 1 mM all trans retinal. One to two-day-old flies were starved 16 hr on 1 mM retinal and mounted on myristic acid according to PER techniques. Extension assay was performed by exposing flies for 3 s to light passed through the GFP filter set and 203 objective on a Zeiss PASCAL confocal microscope. Frequencies were calculated using three exposures per fly. Movies and still images were taken under a Zeiss Lumar stereomicroscope using a uEye camera (UI-1220C; Imaging Development Systems). Illumination for movies was achieved using the Polychrome V monochromator (Till Photonics). Flies were subjected to alternating exposures of blue (480 nm; 3 s) and red (690 nm; 3 s) light.
Immunohistochemistry
Staining and imaging were performed as described previously (Wang et al., 2004) . Antibodies were used at the following dilutions: rabbit anti-GFP (1:1000; Invitrogen, cat# A11122), rabbit anti-GFP (1:800; Abcam, cat# ab290), mouse anti-GFP (1:100; Sigma, cat# G6539), rabbit anti-RFP (1:200; Chemicon), nc82 (1: 50), rat anti-CD8 (1:100; Invitrogen, cat# RM2200). All images shown are collapsed confocal stacks of 1 mm optical slices.
Mosaic Analysis of E49-Gal4
Silencing To generate large numbers of Gal80 À cells, flies of the genotype hs-FLP; E49-Gal4/UAS-TNT; tub > Gal80 > /UAS-dsRed were raised at 25 C. For small numbers of Gal80 À cells, flies of the genotype tub > Gal80 > ; E49-Gal4/ UAS-TNT; MKRS, hs-FLP/UAS-dsRed were raised at 25 C and subjected to a 35 min heat shock at 37 C during pupal stages. Flies were collected at 0-2 days old and prepared for PER as previously described (Wang et al., 2004) . Multiple stimulations of each fly with 100 mM sucrose were used to separate flies into phenotypic classes: those showing normal PER were classified as ''normal,'' those showing movement of the labella or head but impaired rostrum extension were classified as ''impaired,'' and those showing no detectable response were discarded as the nonresponders generally observed in PER assays ($5%-10%). The identities of inactivated neurons were assessed by immunohistochemistry against dsRed as described above.
Activation
Flies of the genotype tub > Gal80 > ; E49-Gal4/UAS-ChR2::YFP; MKRS, hs-FLP/UAS-dsRed were raised at 25 C and subjected to a 35min heat shock at 37 C as described above for silencing experiments. Exposure to light was performed as described above for experiments using entire Gal4 pattern. Under the conditions of our experiment it was difficult to assess any sidedness to the motor response that may have resulted from activating only one of the bilateral #1 neurons.
G-CaMP Imaging
Imaging studies were performed as previously described (Marella et al., 2006) with the exception that the proboscis was pinned in a position only partly extended from the head, thereby allowing for further extension upon stimulation. Analysis and pseudocolor image production were performed as described previously (Marella et al., 2006) , with the exception color-coded fluorescence changes were created by calculating the percent change in fluorescence ((post stimulation -prestimulation)/prestimulation) rather than the absolute change. The region of interest used for measuring fluorescence changes encompassed one of the E49 motor neuron cell bodies in each fly studied. Under these conditions, stimulation with water alone was not observed to elicit a motor neuron response, despite the fact that water can drive PER in a thirsty fly (Inoshita and Tanimura, 2006) . This could result from the change in flies' ion balance caused by the imaging preparation, or from a generally lowered response frequency under these conditions.
To correlate cellular responses with behavior, a web camera (Envision V-Cam II) was used to monitor rostrum movement while performing G-CaMP imaging of the E49 motor neurons. Since flies were free to move somewhat during stimulation, G-CaMP fluorescence changes up to 10% were observed from movement of the preparation alone. Thus, we can only reliably designate any change above 10% as neuronal activity.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures, one figure, one table, and four movies and can be found with this article online at http://www.neuron.org/supplemental/S0896-6273(09)00039-7.
